Armadillo pups rapidly grow a bony carapace, suggesting a large transfer of calcium and phosphorus from mother to pups via milk. Because Ca and P in milk are bound in casein protein micelles, we predicted armadillo milk to be high in protein content. Milk samples (n = 25) from 10 lactating nine-banded armadillos (Dasypus novemcinctus) collected at days 1-6, 14-15, 33-38, and 49-51 after birth were assayed for macronutrient composition (water, fat, protein, sugar, ash, Ca, and P). Gross energy (GE) was calculated from protein, sugar, and fat. Protein concentration (8-11%) was the highest of the milk solids at all time points, and ash (total mineral) values increased from 1.6% to 3.6% and were higher than sugar values (2.4%) after 1 month. Calcium concentration increased from 0.4% to over 1.0% by 1 month of lactation. Calcium and phosphorus were strongly correlated with milk protein (r = 0.796 and 0.815, respectively; P < 0.001). Protein contributed the majority of milk GE over the first 2 weeks of lactation (51%) and was equal to fat after 1 month (both about 47% of GE). The proportion of GE from sugar declined from 14.5% to 6.6%. We suggest that a milk high in protein was an ancestral trait for armadillos that allowed the evolution of a bony carapace by enabling large amounts of Ca and P to be transferred via casein micelles. Based on data from giant anteater (Myrmecophaga tridactyla) milk, a highprotein milk may be ancestral to all Xenarthrans, but this suggestion awaits confirmation from data on the milk of sloths. We suggest that armadillo pups likely catabolize a significant amount of milk protein for metabolic energy.
into the United States. With its natural abundance, reliable production of monozygotic quadruplets, fully sequenced genome, and phylogenetic position near the base of the placental radiation, the armadillo should be a significant model animal with which to address a wide variety of questions (Benirschke 1968; Boily 2008; Sharma et al. 2013) . However, there are no commercial sources of armadillos, and wild-caught individuals can be difficult to handle. While pregnant females taken from the wild will give birth to litters in captivity, they frequently fail to raise them to weaning and do not breed in such an environment (Crandall 1964; Storrs and Burchfield 1987; Truman 2008) . Hand-rearing may be a solution for some studies and offers additional opportunities for environmental control and manipulation. Reliable information on the composition of armadillo milk would aid the formulation of appropriate milk replacers that might better satisfy the nutritional requirements of armadillo neonates as they grow and develop.
Armadillo mothers have a potentially unique challenge in that their pups rapidly grow a bony carapace in addition to their internal skeleton, suggesting a high requirement for the transfer of calcium and phosphorus from mother to pups via milk. The adult armadillo's carapace accounts for 16% of its total body weight and its ossification occurs mostly after birth (Anderson and Benirschke 1966; Vickaryous and Hall 2006) . Allocation of calcium to milk may require significant demineralization of the maternal skeleton-likely impacting the survival of the mother (Barclay 1994; Superina and Loughry 2012) . Calcium may be a limiting nutrient for armadillo reproduction.
The goals of this study are to characterize the nutrient composition of nine-banded armadillo milk over lactation, compare its milk composition with that of other mammals, and examine some hypotheses regarding the functional significance of different milk constituents for growth of armadillo pups. Longitudinal milk samples across lactation from wild-captured female armadillos that gave birth in captivity were assayed for macronutrient content (water, fat, protein, sugar, ash [total minerals] , calcium, and phosphorus).
Materials and Methods
All activities conducted in this study were approved by the University of the Ozarks Institutional Animal Care and Use Committee (protocols A-2008, A-2009, 01-2013) , and comply with U.S. AWA-the University of the Ozarks USDA registration is 71-R-0104. Field activities on public lands were conducted with permission of the Arkansas Game and Fish Commission (scientific collector's permit #012620174). Laboratory and field activities involving live animals were consistent with the guidelines of the American Society of Mammalogists for the use of wild animals in research and education (Sikes et al. 2016) .
Ten adult female armadillos wild-captured in northwest Arkansas during the winters of 2008 and 2009 (n = 7) and 2013 (n = 3) gave birth to litters in the animal quarters of the University of the Ozarks. Each adult was housed in 2 intermediate Petmate Vari-Kennels joined by a 20-cm diameter PVC pipe. One kennel was supplied with shredded paper for nesting and the other with corn-cob pellets for a litter box. Water was available ad lib. Initially, the adults were fed commercially produced night-crawler earthworms and gradually transitioned to the staple diet. The staple diet consisted of Purina Pro Plan chicken and rice dry puppy chow, dry cat chow, and water in an approximate ratio of 1:1:2 by weight. Occasionally the chow was supplemented with chicken eggs and live night-crawlers. Nest boxes were checked morning and evening for newborn litters, which allowed for the birth date to be known within 12 h; the day a litter was discovered was considered day 0 for days postpartum.
Milk samples were collected during the first week postpartum (days 1-6), and at the ends of the second week (days 14-15), fifth week (days 33-38), and seventh week (days 49-51). The period of milk sampling covers the period when the litter is exclusively nursing and just into the period when the pups begin to forage and include prey in their diet. Armadillo pups in the wild usually begin to explore beyond the burrow around 50 days postpartum (Loughry and McDonough 2013) . In 2008 and 2009, mothers were anesthetized by intramuscular injection with a cocktail of ketamine (8.9 mg/kg body mass; Pfizer Animal Health, Kalamazoo, Michigan) and domitor (0.044 mg/kg body mass; Pfizer Animal Health). In 2013, isoflurane gas (Abbott Laboratories, Abbott Park, Illinois) was used. Oxytocin (Upjohn Pharmacia, Kalamazoo, Michigan) was administered intravenously (0.25 ml/dose, 20 USP units/ml, repeated to effect). Nominally, 4 ml of milk was extracted from each of 2 of the 4 teats (total of 8 ml) using a fabricated pump similar to that used for guinea pigs (Cavia porcellus) by McKenzie (1979) . The milk samples were then stored at −20°C and thawed for analysis in summer 2013. Milk was collected from 4 of the mothers at all time points, from 3 time points for 1 mother, and 2 time points from another. The remaining 4 mothers are represented by a single milk sample each collected between day 2 and 10 postpartum, for a total of 25 milk samples.
Nutrient assays.-All 25 samples were assayed for water (dry matter [DM] ), fat, total sugar, crude protein (CP), ash, Ca, and P at the Smithsonian National Zoological Park Nutrition Laboratory (Washington, DC); gross energy (GE) was calculated using an estimation formula. Standard methods of milk analysis were utilized (Oftedal and Iverson 1995; Hood et al. 2009 ). Briefly, for water determination, milk samples were vortexed to homogenize and 1 g aliquoted into pre-weighed ashing crucibles, weighed, and dried in a forced convection drying oven for 3.5-4 h at 100°C and then reweighed (AOAC 1990) . Total nitrogen (TN) was determined through a Dumas nitrogen gas analysis procedure using a carbon, hydrogen, and nitrogen elemental gas analyzer (Model 2400; Perkin Elmer, Norwalk, Connecticut). TN was multiplied by 6.38 to determine CP (Jones 1931) . Crude milk fat (total nonpolar lipid) was measured by the Röse-Gottlieb procedure, which involves 3 sequential extractions with diethyl ether and petroleum ether following disruption of the milk fat globules with ammonium hydroxide and ethyl alcohol. The micro-(80 µl milk in glass centrifuge tubes- Hood et al. 2009 ) Röse-Gottlieb procedure was used.
Total sugar was analyzed by the phenol-sulphuric acid colorimetric procedure (Dubois et al. 1956; Marier and Boulet 1959) using lactose monohydrate standards. The phenol-sulfuric acid method measures total sugars, including oligosaccharides, although it may be affected to some extent by the proportional composition of different hexose, hexosamine, fucose, and sialic acid units present in the oligosaccharides (Oftedal and Iverson 1995) . Milk samples were diluted using distilled water prior to sugar analysis. Replicate sugar samples were read at 490 nm with a microplate reader and accompanying software (MRX TC Revelation; Dynex Technologies, Chantilly, Virginia). Results were multiplied by 0.95 to correct for water of crystallization in the standard.
Ash was determined by placing the dried milk from the water determination (1 g wet-weight samples) in a muffle furnace at 550°C for 8 h. The ash was digested in boiling nitric acid and perchloric acid within a perchloric acid-rated fume hood. The resultant acid digests were diluted with distilled deionized water. Calcium was measured using atomic absorption spectrophotometry (Model 800 Perkin Elmer Analyst FlameFurnace Atomic Absorption Spectrophotometer; Perkin Elmer Co., Waltham, Massachusetts) at 422.7 nm using a nitrous oxide flame (AOAC 1990) . Phosphorus was determined by the AOAC-Modified Gomorri colorimetric method and read with a microplate reader and accompanying software (MRX TC Revelation) at 450 nm (Gomorri 1942; AOAC 1990 ).
Gross energy (kcal/g milk) was calculated using the formula: GE = (9.11 kcal/g * % fat + 5.86 kcal/g * % crude protein + 3.95 kcal/g * % sugar)/100. To convert to kJ/g, multiply by 4.184 kJ/kcal. This equation has the potential to slightly overestimate GE because it fails to correct for nonprotein nitrogen (Oftedal 1984) . However, it has been verified against GE values measured by bomb calorimetry for milk from several species, including rhesus macaques (Macaca mulata- Hinde et al. 2009 ) and bongo (Tragelaphus eurycerus- Petzinger et al. 2014) .
Statistical analysis.-The composition of the 21 milk samples (CP, fat, sugar, ash, Ca, and P) from the 6 mothers with longitudinal samples was investigated using mixed model regression, with mother as a random parameter and days postpartum as the covariate. The relationships among milk constituents and with pup age were examined using Pearson correlation. The Ca:P ratio was examined using mixed model regression, with mother as a random parameter and days postpartum and CP as covariates.
results
Mean values for all milk constituents at each of the 4 collection time points from the 21 longitudinal samples from 6 mothers are presented in Table 1 . The nutrient composition of each of the 25 milk samples analyzed is presented in Supplementary Data SD1. Protein concentration was highest in the first few days (colostrum), and then declined slightly before rising again at the end of lactation (Table 1) . Milk ash content rose consistently over lactation from about 1% of milk to above 3% by 1 month (Fig. 1) .
There was no difference among mothers in the composition (protein, fat, sugar, and ash) of the longitudinal milk samples after accounting for days postpartum (P > 0.2 for all constituents); days postpartum was a significant factor for all these constituents (P < 0.005 for all constituents). Mean ash, DM, fat, and protein content of the milk samples increased over lactation (r = 0.722, r = 0.768, and r = 0.672, respectively, P < 0.001) and sugar content decreased (r = −0.651, P = 0.001). Protein concentration was the highest of the milk solids at all time points and ash values were higher than sugar values for the latter 2 time points (Table 1) . Fat and protein content were positively associated (r = 0.672, P = 0.001) and both were negatively associated with sugar content (r = −0.691 and r = −0.706, respectively, P = 0.001).
The GE content of armadillo milk is relatively high, consistent with the high protein and moderate fat content. Armadillo milk GE increased over lactation (r = 0.759, P < 0.001) from 0.912 kcal/g (3.816 kJ/g) at days 3-6 to 1.44 kcal/g (6.025 kJ/g) at days 49-51. Fat and protein content were positively associated with GE (r = 0.976, P < 0.001) and sugar content was negatively associated with GE (r = −0.697, P < 0.001).
The mean protein-to-energy ratio of milk was 83 mg/kcal (19.8 mg/kJ). Protein contributed most of the energy during the first 2 weeks of lactation (average 51% of GE, SD = 5.7), and did not change significantly after the first week of lactation (r = −0.281, P = 0.292; Fig. 2) . Energy from fat increased rapidly over the lactation period and by 35 days postpartum accounted for a similar percentage of energy as protein (33-51 days postpartum; GE average: 47% from fat, SD = 4.9, 46% from protein, SD = 4.3). Sugar contributed much less energy to milk than either protein or fat (mean = 9.8%) and its contribution decreased over time from an average of 14.5% (SD = 5.9) to 6.4% (SD = 0.93). Ash values more than doubled during the course of lactation. Calcium and phosphorus accounted for about one-half of the mineral content of the milks (Table 1) . Both Ca and P content in milk were positively correlated with protein content (r = 0.796 and 0.815, respectively; P < 0.001; Fig. 3 ), and were highly correlated with each other (r = 0.994, P < 0.001). The amounts of both Ca and P per mg of protein increased over lactation (r = 0.790 and 0.789, respectively, P < 0.001), from 49 to 105 ppm per mg protein for Ca and 32 to 58 ppm per mg protein for P. The Ca:P ratio increased over lactation from 1.48 at days 3-6 postpartum to about 1.8 after 1 month (Table 1) . The early postpartum Ca:P ratio (days 3-6) was lower than the ratio after 1 month of lactation (P < 0.01), but not different from the value at days 14-15 (P = 0.217), which, in turn, did not differ from the values at the end of lactation (P > 0.3).
discussion
Armadillo milk can be characterized by a high proportion of energy from protein and its high mineral content. These 2 properties of armadillo milk are likely functionally connected. Armadillo pups have an unusual growth challenge in that, in addition to their normal skeletal development, they also must grow the bony plates that serve as armor. The high mineral content of armadillo milk provides the pups the necessary minerals (e.g., calcium and phosphorus) to grow their bony carapace. A milk high in calcium and phosphorous by necessity will be high in casein protein. Calcium and phosphate in a solution tend to form insoluble calcium phosphate molecules. The evolutionary solution to this problem for milk is that calcium and phosphorus are predominantly bound within casein micelles (Holt and Carver 2012) , with the result being that the concentrations of calcium and casein in milk are positively correlated (Holt 1997) .
Calcium and phosphorus content in armadillo milk are strongly associated with protein content (Fig. 3) . We hypothesize that this derives from armadillo milk having a high caseinto-whey protein ratio. The amount of Ca and P per mg of milk protein increased over lactation, suggesting that casein content increases with pup age. The Ca:P ratio was lower in early milk and increased over the course of lactation. This finding is consistent with a change from colostrum, which generally has a higher proportion of whey proteins, especially immunoglobulins, to mature milk with an increase in Ca and P bound in casein. We hypothesize that the protein increase in nine-banded armadillo milk over the course of lactation is likely driven by an increase in casein protein micelles containing Ca and P. The high protein content of armadillo milk may be required in order to transfer the appropriate amounts of calcium and phosphorus from mother to offspring via milk for the growth of the bony plates of the carapace. Superina and Loughry (2012) speculate that the armadillo's insectivorous diet may be limited in calcium, and that calcium may be a larger constraint on successful reproduction than would be energy. While the armadillo does eat many insects, its diet is more opportunistic, including a wide variety of soil invertebrates, small reptiles, and the eggs of ground-nesting vertebrates (Loughry and McDonough 2013). Our captive armadillos relish earthworms (Lumbricus sp. and Eisenia sp.), which may contain calcium concentrations similar to that of cow's milk (Barker et al. 1998; Paoletti et al. 2003) . In addition, we observed our captive armadillos consuming soil inadvertently with their food. Sometimes they appear to be ingesting soil that contains no apparent prey. That armadillos ingest large amounts of soil also was reported by McDonough and Loughry (2008) . These observations suggest to us that the armadillo's diet is potentially rich in calcium where and when earthworms are plentiful or where the soil is rich in calcium. However, the availability of dietary calcium may be spatially and temporally unreliable. Therefore, in some locations or in some seasons, trade-offs imposed by osteoderm mineralization and growth may be more significant than energy demands, as suggested by Superina and Loughry (2012) .
During pregnancy (mid-November to mid-March) and the early days of lactation, prey may be difficult to access and the time to forage limited by cold temperatures (Boily and Knight 2004) . Allocation of calcium to milk may require significant demineralization of the maternal skeleton-likely impacting survival of the mother (Barclay 1994; Superina and Loughry 2012) . The fact that nine-banded armadillos are weaned at a size significantly smaller than predicted for a mammal (15% versus 33% of adult mass) may be related to trade-offs imposed by osteoderm mineralization and growth of the neonatal carapace rather than energy demands (Superina and Loughry 2012) . The success of the armadillo's range expansion may be attributable in part to a life history and physiology characterized by phenotypic plasticity (Boily 2002; Boily and Knight 2004) . Perhaps the relatively small size at which armadillos are weaned is another trait that enabled the adaptive flexibility for surviving across a spatial and temporal nutrient-energy mosaic.
The high proportion of energy in armadillo milk from protein suggests that armadillo pups metabolize amino acids for metabolic energy. Digestion of casein would release calcium and phosphorous as well as a large amount of amino acids for absorption. Armadillo milk contains more than 10% protein during late lactation, which probably exceeds the demand of amino acids for growth. We hypothesize that excess amino acids from casein digestion are probably used for gluconeogenesis and energy.
The proportion of energy in armadillo milk that comes from carbohydrate is low, ranging from about 7-14%. Given that some proportion of the sugar in milk is in the form of oligosaccharides, which are generally thought to be resistant to vertebrate digestion, the amount of carbohydrate energy available to the armadillo pups will be even lower. Milk oligosaccharides are thought to perform both antibiotic and prebiotic functions. Certain human milk oligosaccharides are metabolized by commensal gut bacteria (Sela and Mills 2010) , aiding the establishment of the neonatal microbiome. Oligosaccharides in human milk also have been shown to inhibit fungal infection (Gonia et al. 2015) , although the mechanism is unclear. In the Xenarthran Myrmecophaga tridactyla (giant anteater), about 15-20% of the carbohydrate in milk is in the form of oligosaccharides (Urashima et al. 2008) .
A reliance on milk protein for a substantial proportion of the metabolic energy for offspring may be an ancestral feature of Xenarthran lactation. There is very limited data on milk from any of the Xenarthrans, but what there is suggests that protein is higher in concentration than either fat or sugar. Similar to ninebanded armadillo milk, the milk of the giant anteater is also relatively high in protein (mean value 5.6%-Power and Schulkin 2016). On a GE basis, protein contributes 61% of the GE, sugar 23%, and fat only 16% of GE in giant anteater milk. A high milk protein content in the Xenarthran lineage may have been a preadaptation that allowed the evolution of the bony plates in armadillos by enabling an associated high mineral content.
Protein may provide a significant proportion of metabolic energy for adult armadillos and giant anteaters. Certainly, the diet of giant anteaters is high in protein, moderate at best in fat, and low in carbohydrate. The protein content of diets of wild armadillos also is likely above the necessary requirement for amino acids. We hypothesize that metabolism of protein into glucose would be important for adult giant anteaters and armadillos.
Sloths have a diet high in mature leaves, which typically are high in protein and low in fat and simple sugars. Although a sloth's energy requirement may be largely met through production of volatile fatty acids in the hindgut from fermentation of fiber, any protein not bound to fiber would be able to be digested and absorbed in the small intestine, potentially providing an important additional source of energy as well as essential amino acids. We hypothesize that an enhanced ability to use protein as an energy substrate may be an ancestral trait on the extant Xenarthrans, and is present in both adults and neonates. The milks of the nine-banded armadillo and the giant anteater contain the highest proportion of energy from protein of any mammal milk assayed (Fig. 4) . There are no data on sloth milk as yet, but we predict that sloth milk will be similar to the milk of other Xenarthrans in having a large proportion of energy from protein.
The milk of the aardvark, an ant-eating Afrotherian, also has a protein concentration that is the highest of the milk solids (White et al. 1985) , similar to armadillo and giant anteater milk. Protein provides about 41% of GE in aardvark milk; however, unlike the Xenarthrans, milk fat provides more energy (50% of GE). In contrast, Asian elephant milk contains more fat than protein, with a protein energy value of only 17% of GE (Abbondanza et al. 2013; Fig. 4) . Aardvark milk appears more similar to that of the Xenarthrans with comparable diets rather than to its fellow Afrotherian, suggesting that an adult diet high in protein and low in carbohydrate favors a similar milk composition. Carnivore milk (e.g., African lion, Panthera leo) also has a high proportion of GE from protein (Fig. 4) .
Our findings have implications for zoo keepers, wildlife rehabilitators, and laboratory animal caretakers who keep captive armadillos. Replacement milk for armadillo pups should be higher in protein (9-11%) than fat (6-8%), and low in sugar (2-3%). It may be necessary to add both protein and especially calcium and phosphorus to commercially available replacement milks to concoct a suitable substitute. We recommend that 22 g dry ingredients be reconstituted with 100 g of water (18% DM) for pups 0-14 days of age and 33 g dry ingredients with 100 g of water (25% DM) for pups 15-35 days of age (after 35 days of age the diet is probably transitioning to that of an adult). Invertebrate prey for juveniles and nursing adults should include species that are high in calcium such as earthworms, not exclusively commercially produced beetle larvae such as Zophobis morio "superworms," and access to live soil including calciumcontaining clay such as bentonite may be beneficial. We are currently testing formula recipes and feeding schedules. 
